Abstract -In-situ measurements of a case study building located in Riga old town near the river Daugava has been carried out in this work. Performed measurements are moisture level of historic masonry, and interstitial monitoring of temperature and relative humidity between the layers of internal insulation and external wall. Obtained results are compared with outdoor weather data. Results show that during the cold months of the year no rising damp problem. No interstitial condensation under the internal insulation, and no risk of mold growth occur. However, the façade of the building tends to be highly influenced by the outdoor weather, and the moisture of the masonry increases during the rain load events.
INTRODUCTION
High greenhouse gas emissions rate is driving climate change. One of the main causes is high energy demand from existing building stock [1] , [2] . In Europe, historic buildings still account for as many as 24 to 35 % of the entire building stock. Moreover, the building stock of historic buildings composes from 27 to 42 %, of the final energy demand in Europe -depending on the country [3] . It is estimated that about 36 % of CO2 emissions in the European Union (EU) comes from the building sector [4] , [5] .
The main reasons for the high energy consumption in the buildings depends on the physical elements, thermal properties and climate conditions [6] . The main reason for high energy consumption in historic buildings is poor thermal properties of the building envelope, in terms of high thermal transmittance or U-Value. In theory U-value can be calculated if the thermal conductivity of the material and boundary conditions are known, but in reality, this value can be influenced by moisture, cracks, etc. [7] . Nevertheless, moisture-caused problems are present in many historic buildings, that leads to degradation of building materials, unsuitable indoor air conditions and poor thermal properties of exterior walls [8] . Unhealthy indoor air quality can affect general senses of the human, reducing their work abilities and leading to health risks [9] . Jimenez-Besecos et al. in their research, concluded, that healthy indoor air quality (IAQ) can be achieved when retrofit of a historic building is done. Healthy IAQ in the study is defined as 19 to 20 °C temperature, 40 to 70 % relative humidity and CO2 concentration below 1000 ppm [10] .
As most of the thermal energy losses are through the opaque building envelope (exterior walls), insulation of exterior walls, can reduce energy consumption of the building and thereby reduce greenhouse gas emissions [11] . External walls can be insulated either from the outside or from the inside. To avoid exacerbation of moisture-related problems in the building, it is recommended to insulate the building from the outside. But almost in all cases insulation of historic buildings from the outside is not possible due to preservation of heritage value of the historic façade, or other limitations, such as space restrictions. Therefore internal insulation of exterior walls becomes the single best solution to reduce energy consumption of the historic building and thereby reduce greenhouse gas emissions [11] . At the same time, the renovation should not compromise the structural integrity and indoor air quality of the renovated building.
If the masonry moisture content exceeds 3 % of mass moisture content, there is a need to undertake action in order to reduce this moisture content before the renovation [12] . Moreover, if moisture sources in the masonry are not eliminated, further renovation is not recommended, considering masonry decay and other moisture-caused problems will reappear in a short period of time [8] . However, the situation that only one moisture source is present in the historic building is very rare, and many factors affecting the moisture content in the masonry makes it hard to clearly distinguish among the main moisture sources in the historic building. Therefore, to find a non-harmful renovation method a hygrothermal performance and moisture content of a historic masonry must be assessed. And to avoid oversized, inadequately expensive and ineffective interventions, preliminary monitoring of a building is recommended [13] . There are six main groups of moisture sources in the buildings: Raising dump, Wind-driven rain, Built-in moisture, Hygroscopic phenomena, Surface condensation, Damages in water systems, i.e. piping and gutter [14] .
With new non-destructive moisture assessment technologies emerging and improving for moisture content assessment in-situ, the measurements are becoming more applicable to historic buildings, cause destructive methods such as drilling holes and inserting probes are mostly not preferable in historic facades. Test results obtained in-situ through the systematic surveys can be very helpful for the moisture source determination [8] .
The main goal of this research is to study the application of internal insulation in historic buildings by assessing the possible moisture sources in the external wall and their impact on moisture content and moisture transport in the wall.
MATERIALS AND METHODS

Case Study Building
The case study building at Biskapa gate 6 in Riga, Latvia was selected for the in-situ measurements. This particular building was selected, because of complaints from building residents about the discomfort, in the form of increased indoor humidity levels. Another reason for choosing this building was the visible deterioration of the façade (Fig. 1) . The building is a three-story residential building with additional attic floor and one underground floor (basement). Building was built in 1880 and is located in the historic center of Riga, approximately 150 m from the river Daugava (Fig. 1) . The building area is 120.9 m 2 with a 1511 m 3 of construction volume. The building has two adjacent buildings, one on the North-West (NE) and another on the North-East (NE) side of the building. Both adjacent buildings are 1 story higher than the case study building. The South-West (SW) side of the building is the main façade, with the entrance from the street (Biskapa gate). The SE facing façade is the largest open area to the outdoor weather, such as wind driven rain, sun radiation and wind. The free space between the SE façade and next building in this direction is 15 meters, this adjacent building has the same height as the case study building. About 10 years ago the ground floor flat owner has installed internal insulation of glasswool (0.05 m) on the SE wall.
Methodology
Qualitative and quantitative methods have been used for determination of the possible moisture sources in the external wall masonry.
Qualitative analysis includes direct observation of the building to identify existing signs of decay and moisture caused damages.
Quantitative method includes moisture distribution evaluation of the building exterior wall in relative scales. Moisture of the wall was measured from the outside. Wall moisture measurements from the inside were limited due to applied internal insulation. The moisture assessment was carried out in two depths -2 cm and 20 cm deep in the masonry (including plaster). For these measurements a multifunction measuring device Trotec T3000 was used [16] . Trotec T3000 was used with two types of measurement probes for different measurement depths:
− Dielectric probe TS 660 SDI for 2 cm depth; − Microwave probe TS 610 SDI for 20 cm depth. Dielectric and microwave probe are both used for moisture distribution measurements in relative scale and cannot be directly compared with each other. Meaning that the same readings from both probes does not indicates same moisture contents.
For monitoring purposes, the measured South-East facing wall was divided into smaller squares forming a grid, approximately 0.4 m to 0.4 m each (Fig. 4) . The same grid was used for the repeated moisture measurements over a period of time. Wall moisture measurements were started From the interior side of the wall, the monitoring system was installed, floor plan showing the measurement points are presented in Fig. 2 . The monitoring system started to collect data on 20 th November 2018. Monitoring system included relative humidity and temperature monitoring in between the layers of the insulation of the external wall. Monitoring of the relative humidity and temperature in between the layers of the insulation was done using the Honeywell HIH 4000-002 and type T PFA insulated twin twisted pair thermocouple cable. Data logger Campbell CR1000 was used for data logging of these sensors. For the insertion of the monitoring system, a small hole with a diameter of 27 mm was drilled in the internally insulated wall. In total, two relative humidity and two temperature sensors were installed in the insulation layers. The sensors were installed in pairs (relative humidity sensor combined with temperature sensor). The sensor pairs were installed 20 cm below the hole, one pair between the wall and insulation and the other pair between the insulation and gypsum board. Additionally, temperature and relative humidity was measured near the interior surface of the insulated wall. After the insertion of the relative humidity and temperature sensors, the hole was refilled with mineral wool and gypsum board. To avoid extra moisture addition to the insulation system through the cut and to retain access to the sensors, no plaster was used to cover the hole. Weather data from the closest weather station were used. The weather station is located at the University of Latvia (Fig. 1) and the data are managed by the "Latvian Environment, Geology and Meteorology Centre" (LEGMC) [17] .
RESULTS AND DISCUSSIONS
Visual inspection of the façade revealed severe material loss, i.e. plaster and reduced masonry thickness at the ground level. Moreover, multiple cracks and poor-quality craftsmanship was noticeable. Algae growth was also evident on some parts of the façade. However, no sign of efflorescence was noticed. There was also an observation of some repair jobs carried out, where some of the lost material (plaster, bricks) had been replaced with cement. Near the ground level on the west-facing wall, a loss of building material was observed. Material loss was most severe on the edges of the wall and under the window but was almost undetectable on the front facing wall (Fig. 3) . The average moisture values for 20 cm depth of the external wall of all the measurement dates are presented in Table 1 . The measurement difference between highest and lowest measured value varies from 45 in November to 65 in February. For better understanding of moisture distribution in the wall and how it corresponds to the changing weather, the measurement area was divided in three sections (Fig. 7) 
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bottom section from ground up to 0.8 m, middle section from 0.8 m to 1.6 m and top section from 1.6 m to 2 m.
In Fig. 5 changes of average values in top, middle and bottom sections, for 20 cm depth measurements are presented. There has been an upward trend at the bottom section of the wall, during the measurement period. Likewise, the top section follows the upward trend, with the slight decrease from 1 st to 2 nd measurement. The moisture measurements of the middle section had a drop of average moisture value in January, but afterwards they start to follow an upward trend. In Fig. 6 changes of average values in top, middle and bottom sections, for 2 cm depth measurements are illustrated. The 2 cm depth measurements follow a very similar trend as the 20 cm depth measurements in the middle section, with an increase in the period from the September to November, followed by a drop and then continuing an upward trend. In Fig. 8 the correlation between the outdoor relative humidity and wall moisture is presented. The correlation observed is good for 2 cm depth and little less for 20 cm depth. Rain load events with the total amount of rain 1 mm or greater are shown in Fig. 9 . Total rain event is greater between 1 st and 2 nd measurement, than between the 2 nd and 3 rd measurements. That could explain the sudden drop of average moisture values in the 3 rd measurements (in 19 th January). Moreover, the 4 th and 5 th measurements, that have shown the highest average moisture values, are made right after the rain event. 24-hour cumulative rain events of three consecutive days prior to the measurements are presented in Fig. 13 . When comparing Fig. 7 with Fig. 10 , it can be seen that on the 12 th February when the total rain load is higher (by 9.5 mm), the average 2 cm depth measurement is slightly lower (by 18.01) than on March 5 th . However, the rain load during March 5 th is higher (by 4.9 mm) than on February 12. After comparing average moisture values of 2 cm depth measurements with the rain event from Fig. 10 , it can be seen that the average moisture value is affected more by the rain load event 24-hours before the measurement, rather than total rain load event of the 3-day period prior to the measurement. The dominant winds and wind speeds during the monitoring period are shown in Fig. 11 . Over the period of three days prior to the measurements on 12 th February and 5 th March, the following wind conditions were observed: − 12 th February 58.46 % of wind comes from the South, followed by 13.58 % from SouthWest with a dominant speed of 5 m/s; − 5 th March 47.69 % of wind comes from the South west followed by 18.6 % from South, with a dominant speed of 3 to 5 m/s. It can be seen that relative humidity under the insulation material stays mainly below 80 % that has been considered as the critical moisture when the mold growth would occur. Relative humidity fluctuates during the monitoring period from 58.85 % to 83.9 % and on the average is 74 %. It also can be seen that temperature under the insulation material stays above 0 °C that reduces the risks of freeze thaw cycles to occur. During the monitoring period temperature fluctuates from 5 °C to 11.5 °C and on the average is 8.4 °C. 
CONCLUSIONS
The main goal of this research is to study application of internal insulation in historic buildings by assessing the possible moisture sources in the external wall and their impact on moisture content and moisture transport in the wall.
Obtained results show the loss of external plaster is obvious in many areas of the façade, combined with cracks, and cuts. These open areas allow outdoor moisture i.e. wind driven rain, to easily penetrate the wall. Algae growth on the façade indicates that rain water has been present on the walls' surface.
Measurement results also show that moisture content is building up during the autumn and winter periods. This is strongly influenced by outdoor moisture, both relative humidity and rain load events. The dominating wind during the monitoring period was from the same direction as the assessed façade is facing (SE), indicating that wind driven rain could be the reason for the accumulation of moisture in the masonry.
Outdoor weather conditions also have an effect on the interstitial conditions between the layers of the insulation and the external wall. But no interstitial condensation has been observed during the monitoring period. Highest relative humidity beneath the insulation material during the monitoring period reaches 84 % and for most of the time relative humidity stays under 80 %. Such moisture conditions do not cause high risk of mold growth. Results from biological assessment of insulation sample taken from the wall show no signs of mold presence.
No clear signs of rising damp problem were observed during the monitoring period. But as the monitoring period took place only seven months in the cold period of the year, rising damp problem could still be a problem during the spring and warm months of the year.
It must be considered that the non-homogeneity of the façade could be the reason for the fluctuations of the measurements, especially the 2 cm depth measurements close to the surface.
For more conclusive results, monitoring should be continued for at least one full year. Wind driven rain measurements on the façade and continuous moisture monitoring at different heights of the masonry will be performed.
